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TE.ST.S OF ALUMINUM-ALLOYsTIFFENED-,SHEETSPECIMWS
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The ~pecirnens.used

. an actual airp.lau.e:wing
spscimensthusob$a%ned

,,.

sUMMARY.
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in:,thepresent;.te.stswere cut from – -
of.$he”str.esse.d-,skin type..

—
The

werenot”r.e.p.re~.e.mtati:.veof ,the. ..-.
usual type of labora;t,oryspecinen.s,because the .sti”f.feners
were not exactly.p,a.ra~le.lnor ,ev.e,nlyspaced and”~-.in“o;e.

.—

cases the.skin,consistedof pi.e.cesof she:gtof differ-ent
thicknesses. The test data obtained,indicate ttit the

.,---—.— —

buckling strain of stiffenedcurved sheet can be computed
with r.easonablaac~-u..racy;~by,the equationgiven bY Wenzek=

.—

The ultimate l,oads,..of,’.thespec.irn.enswhen tasted as.”flat:-
Sheet were w.$thi.n+11 p“ercen.tof thq p.rodmctof the..co.m-
Pres,si.vf?Yi,eldstr=ngt~::andthe:kros~s.ect.ioni%l.area.of... :—

.. the s.ti.f$,eners.,,~~A rivet .spac$ng,,e,qual”to-,98 tiqes..’te.e”. __ ,_
sheet.$hick.ne.ss:W.,as.ja source of..w”s@snsss.,afi.drivet spq’C-
ings up,..t.p.36~t,$,~e.sthe,sheet’thic.knea=.~p.p.eared:satisfac- ‘_

.

. tor~.-.~:....~:;~. .... ....;‘.;..;.:,2:,.:.s.~..::-:-~t.~ ?-=z;.::?-.--. ~_....
...-. .-—-... ..--.,.-. .:.:... . ..-.

INTRODUCT10N

,,, ,... . . . .. . . . . — -=..:..- . . . . . .
The aluminum-alloystiffe“;ed-sheet specimensused in

.-.:

these tests were representativeof members actually..used .-

in the stressed-skintype of.”.cons.truction. The j.nf-orma-- -‘7
tion obtainedfrom these specimens.shouldbe of va~ue.-in

——

interpretingthe results of tests of laboratoryspecimens i-
fo~ design purposes... ,...:. .. — -m-—-— —..L*

.’.
The objectof this.investigationwas.to obtain ~nfor-.

mation on the strengthand behavior.of aluminum-alloy~.
stiffened-sheetspecimensof the proportions..actuallyused
in airplane construction~andto study-theeffec%s of cur-

—

,vatureon the elastic.buckling strengthof thin sheet by
.geansof successivetests of one specimen.as-ingtempletg
of.various radii. The specimenswere testedto. failure
as stiffened.flat sheet. . . ....... .,- .“” -
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DESCRIPTIONOF SPECIMENS

The six specimensobtainedfrom the airplanewing
are describedin figures 1 to 4. In specimens A and B
the skin consistedof three and two pieces of sheet,
respectively,with lap splicesat stiffenersas shown.
After a number of tests of specimen“Awith variousradii
of curvatureand with stressesin the elasticrange, the
two edge panels were removed,leavinga specimenwith five
stiffenersand the fotirintermediatepanels of specimenA.
This specimenwas designatedAl. Two of the four stiffen-
ers of specimenC were extrudedbulb angles and the other
two Tiere‘formedof alclad 24s-T sheet. The.detailsof
these formed angles are given in figure 3. Along the ex-
truded edge stiffener,there wag the overlappingsheet“of
a splice. SpecimensD, E, and I?,weretaken from an aileron
and consistedof a piece of sheet with a single extrude-d
24s-T bulb-anglestiffenerattachedto the longitudinal
center line of the “sheet.

Before testing,the ends of ,t.hespecimenswere finished
flat and parallel in a millingma”chine.The degree of par-
allelism of the ends is imdtcated”by”the t-cl.eranceof 0.002
inch in the lengths of various el”ementsof the sheetand
stiffeners In specimenA, ‘the.e%d surfaces were made nor-
mal to the middle,.stiffenera“ndr.‘in‘specimensB and C, they
were’normal to oae:.of..thein’t6rmedia”te...sti7feners.Of
course, in specimensD, E, and 1?the end surfaceswere nor-
mal to the single stiffener.

‘,

METHOD OF TEsT
.“

The stiffened-sheetspecimenswere t=sted between the
fixed heads of an.Amsler testingfiachineof the hydraulic
type having a maxinuticapacityof-300.,.000pounds. Th(]
smallestload range of 30,000pounds was use-d. Beforo tho
tests, the platens of the testingmachinewere alinedprac-
ticallyparallel,unde”rzero load, %y means of the special
levelingrings in the lowerhead. These levelingrings,
which were developedand built atthe’‘AluminumResearch
Laboratoriesin 1938, may be seen directlybelow the ~ower
platen in figures 5 and 6. The dist-antebetwe”enthe bear-

.*
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ing surfacesat the four corners*as measuredby a O.OO1-
inch dial gage. At the ends of otie”-diagonalof the 24-inch-‘“”‘“‘--–
squareplatens, the variationin distancebetween the
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platens was only 0,00-01inch; whereas,at the ends of the
other diagonal,the variationwas about 0.002 inch. This
lack of parallelismwas not consideredobjectionablein
these tests because the lack of parallelismof the ends
of the specimenswas also of this order of magnitude.
!Chespecimenswere placed in”the testingmachine in such
a way ,thatthe lack of parallelismof the en-dsof the
spec.i.menscompensatedfor that of the platens.

,
For those tests in which the specimenswere loaded

as stiffenedflat sheets, straightbars were clampedto
the platens and the specimensin turn were clampedagainet
these bars. Figure 5 shows specimenA in the testingma-
chine ready for the test as a stiffenedflat sheet.

For those.testsin which the.specimenswere.loaded
as stiffenedcurved sheets,templets of the desired radius
were clamped to the platens of the testingmach~ne and the
specimenwas sprung elasticallyto fit the templet”e:‘lhie* arrangementiS illustratedin figure.6. A face of the
holding blocks was turned to the correct“radiusand slotted
to fit over the stiffeners,pressing the sheet against the
templet. In order to obtain a satisfactoryfit with the

—.

smallerradii, it was neceesaryto qse more holding bloc-ks
than the one pair shown in figure,6.”

Longitudinalstraiuswere measured on both sides of
the specimensat a number of gage:lines along the trans- ““
verse center line by type A Eugge,gbergerTen90metersusing
a l-inch gage length. The magnificationratio of t“~e-s–e

.-

instrumentsie about 1200, which givee an estimatedStrain
measurementcorrespondingto a stress of about 80 pounds
per square inch. It is realizedthat the mea-iure-mentin
only the longitudinaldirectionis insufficientto deter=
mine the stress in the sheet, but it was previouslyfound
that the average stress could be determinedfrom the av~ ‘–-
erage of the strains on the two sides of the sheet. ‘- “-‘-”
Furthermore,ina~muchas it was decided to deal w-ithcrit”-
ical buckling strainsand not stresses,it appeared“that”
the one measurementshouldbe sufficient. Because the
strainscould not be measured simultaneouslyon all the

. gage lines, it was necessaryto load the specimena number’
of timee, keeping the stresseswi,thinthe elastic str-6ss
range. .“

*
$pecimenA was teeted a number of times, f$rstas a

flat sheet and then as a curved sheetusing radii.corre-
spondingto radius-thicknessratios of about 2000, 1500,

.-

.—

—
.—
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and 1000. Because the bu”cklingstrengthsof the sh?otin,
these conditionswere all in t-heelasti~ stress”range, n? -b
permanent sets,were developed. The”widthoi?’t~especirn~n
was t,hen..reducedto approximately21 inche”sby rernov~.~g
the two outside stiffenersand p~ne”ls...Speci-We~n--&f.w-ssm...

.-——

then tested as.a’flat sheet,with a,radiu”s-thicknessratio
of 10,00,and fina,~lyto failure.asa flat sheet’, ..

RESULTSAND DISCUSSION

Typical relationshipsbetween the load and the.‘meas-
ured longitudinalstrainsare shown in figures.7an! 8.
As statedpreviously,it was thoughtadvantageousto con-”
sider criticalstrainsrather than criticalstressesbe-
cause,of the combinationof alloys used; namely,2-45-T
extTudedstiffenersand sheet,a~clad245-T sheet,and’
alclad24s-RT sheet. For the low stressesencountered,
there might not have been any”qu.qstionabout the valu~ of -7
the modulus of elasticitybut,

.
by consideringetrains,

that questioncannotarise except in the computationof
the atieragestrain P/Ax.

*
Becau”sethe comparisonof this

computedaverage strain”-wi’ththe measured strainsis rel-
ativelyunimportant,the questioqof the value of the mod-
ulus of elasticityis not s“erious. *

The average of the measured strainsis given for
those station-sat the middle of the sheetpanels. It will
benoticed that in nearly--everycase this curve of average
measured strain indicatesa maximum valtieof strainthat
can be developedin the sheet-.The maximum value of the
average.strai~will be referred,to as the tieasuredcriti-
cal strain. Values of measured c’riticalstrain for all

..

the specimensare given in tables I and 11.

For the specimenstested as stiffened.flat-sheet, the
criticalbucklingStraincan be computedby the equation
(reference1)

in which

Ec criticalbuckling strain,inches

Oc criticalbucklingstress]pounds
,.,..

(1)
-.1

—
per inch +

per square inch.
.’

E modulus o-felasticity,pounds per square inch “

I
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k ...c.oeffi.ci.ent dependingon supportat e.dses”.o.f
., . panel and on proportions.of. sheet.pane-l

,, . .

w. ,Poisson[s ratio ,.
,.. ..

t ‘thicknessof--sheet, inc.hes
,,

and ,. .. . .... . -.,- .-

“5”

sheet

b unsupportedwidth of sheet, inches

With a very few exceptions,the measured critical
strainsfall between the two limitingvalues of critical
straincomputed for the conditionsof sinply sumported
edges andfor built-in edges- This comparisonis shown
in table I. ,.

Figux~.9 shows the load~.strainrelationshipsfor gage
line 10 of specimensA and At. The influenceof the.cur-
vature on the measur”edcritical strainand on the ,load.at
which the measure-dcriticalstrain was developedis appar- “-”
ent. A noticbablbdifferericein the behavior of the spec-
imenswas noted in that the suddennesso.fthe buckling in-
creasedas the radius of curvaturedecreased. As indicated
in figure 9, the load at which the measured stress in the
flat panel was developedis not well defined. The buckle
formed at a low load and.increasedin size with no definite
buckling.actio.n.With decreasing.radii.,the definiteness .-=-_
of the load at“bucklingincreases. Wit-ha radius of c~r-
vature of.4ti.5inches,,the buckle occurredwith such vie- -
Ience that the !l?ensometerswere jarred and additional
readingsat h“igher”loads could not be taken. The buckles
vanishedrather violentlyunder decreasingloads. This
cycle of bucklingand returningto the originalcurved
condition”wasrepeateda number of times.,.

The effects of curvatureon the measured critidal
strainsare indicatedin figure 10. Except for gage
line 2-,’whi,chwas”iu an exteriorpanel,’tl?edata points
agree reasonablyweLl with the ,straight.-linerela,tionsh~p
expressedby the We’nzekformula (reference2),,.... ..,,..

,..
ac .~(;?e +;.3(0 .. :. ~ :(2)~c=~= 0) :. (R) . ... .—.— —

in which”,R-.is the radius.:ofcurvatureand ‘the:.ot%e>-’
terms are previouslydefined-.The’first term ,ob-t~$”-right-..w...

—
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will.b.e“seento have.t%e....sam.efoi.mas the right-handmember
of equation(1);whereas the.secbnd term shows the-effects <
of the curvature. The use of the factor 5 in “thefirst
term gives the buckling strain iQ a flat sheetpanel with
a slightamount of restraintalong the edges which are not
loaded. The amount of this restraintis iudicatedby the
position of the intercepton theaxis of criticalstrain
relativeto the two limitingvalues of computedcritical
strain.

Also shownwith th6 data in figure 10 is the curve of
the equation(reference3) ““l

0= 1— = ——.—..‘c =
{

J w+(94+69’)‘3)12(1 - ~)
E ‘6(1- V2)

.’in which the terms have been previouslydefined. Whis
&quationcan be reduced to the frjllowing-firm which is
quite..similartotliat of equation(2) *

(3a)

For the case in which the effectsof ~ are small
R

in comparisonwith those of ~ , this equationreduces to

that obtainedfor.a flat panel with simple supporton all
—

four edges. Consequently,in figure 10, the curve Lnter-
Sect-8the axis of critical strainbelow the value of the
criticalstraincomputedfor flat sheetwith simple sup-
port along the edgeswhich were not loaded and complete
fixationalong,the loaded edges.

For the case in which .th.eeff-ectsof & are small
.b

in comparisonwith those of ~ , this equation”reducesto

that obtainedfor a complete”cylinderwhich appeare to” I

predict values of criticalbuckling stresstwo or more
,

times greater th;n most test resuit~ (reference4). l?or
largevalues of ~, the curve approachesa straightline, +

the slope of which is about twice as great as that”of equa-
—

tioti(2). The test data in figure 10 indicatethat the
effe”ctsof the term involving L are too great. It is

R
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suggestedby Schapitz.“and”Kr~mling (reference5) that the
effects of this term be reduced to correspondto a critical
bucklingstress for a completecylinder given by the equa-
tion

(4)

in which the terms are previouslydefined. This suggestion
leads to a slope only two-thirdsthat of equation (2) and
lese than that indicatedby the trend of the data in figure
10.

In reference3,”a comparisonis made of predicted
criticalstresses (equation(3)) and ‘failingstressesfor
some stiffenedcurvedpanels. The predicted critical
stresseswere less than the failing stresses~the ratios
ranging from 0.332 t.o0.950. StichRacomparisonis misleadi-
ng because, for large ratios of

-.
F

with stiffenedspecl-
C mens, bucklingand failure are quite differentphenomena.

The ratios of the strengthswill Vary considerablywit.~_.__
the proportionsof stiffener and sheet.

.. .
The ultimate loads and the average stressesat failure

for the epecimenetested as @at sheet are given }n~a>.le111. _

In specimenB the centers of the outstandinglegs.of
the extruded stiffenersdeflectednoticeablyin the direc-
tion parallel to the eheet at a load of 13,500 pou~ds; -
whereae the ultimate load was 16,475pounds. Af”terfailure
the shape of this edge wae much like that of a column tested
to failure with flat ends and the wave length was entirely
independentof that of the sheet.

..
In specimenC the outstandinglegs of the formed stiff-

eners showed some deflectionparallel to the sheet at a
load of about 7500 pounds; whereas the ultimate load was
12,975pounds. The wave length of the outstandingedges of
the sheet was’approximatelythe same as the wave length of
the buckle pattern in the sheet %etween the stiffeners;
namely,about 5.5 inches. The extruded stiffenersof this
specimen,unlike those of specimenB, developeda wave
length nearly equal to that of the bucklepattern in the
sheet. The lateraldeflectionsof the outstandinglegs of
the extruded stiffenerswere much smallerthan those of the
formed stiffeners,

—
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.

The difference-inthe tiltimate strengthsoflspecimens
B and C reflectsthe combinedeffectsof the differbzicein
sheet thicknessand the d“iff-erenceinformed and extz--~ded
stiffeners.

The failure of specimenE was probablyprecipitated
by the bucklingof the sheet betweenrivets. AG noted.
above, the rivet spacingwas 98 times the sheet thickaess.
This action is at least partly responsiblefor the differ-
ence in the ultimate strengthsof specimensE and F. The
greatervalue of !? for specimenE also is probablypartly

t
responsible. SpecimensD, E, and F, with a single stiffener,
faile~..bytwistingof the center relativeto the ends.

In the design of structuresof this type, it is u6ually
assumed that only a portion ofithe sheet acts with the stiff-
eners and is effectivein-supportingthe load. If it is
assumed that failure occurswhen th”eStresi on the eff”ectlve
area equalsthe compressiveyield strengthof the material,
the effective,width of sheetpanel betweenadjacent stiffen-
ers can be determined:bythe equation(raferenc66)

in which

(5)

2be effectiva.widthof .shee’tperpanel, inches
.,

c ,coeffi.cient.(theoreticallyvaryingfro-m1.24 to 2.50;
taken here,as1.70) ~~~ ,,

and

‘yield compressive”yiel-d”stre”ngt”hof material,pound~
per ‘squarein’ch

For specimensAl, B, and C the effectiveareas”are 0.593,
0,462, and 0.402 ~quare inches,respectively. Based on a
compressiveyield s~”gth of 44.?5.00pounds per .~q.uareinch
(88 percept of the average tensileyield &tn?mngth.of the
stiffener.material, (reference‘7)the computed~ltimate -
strengthsare 26,400, 20,600,and 17,900pou”nds-.”The~e
values are from 19 to 38 percent greatertha”nthe test re-
sults given’in.table111. “The”use of l~~-as th,evalUG Of
C in equation (5) reduces the excessesto shout 14 and,33
percent.

.

A

.-

—

f

.

+

—
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. ...

#

It might also be-assumedthat the stres”s””atfailure
is less than thecompr’essive’yield strengthand tha~ the
effectivewidth of sheet may be computed.bytli”eeqtiati-ob
(reference8)

f
2be = b :+.- 8

. . 0

“ (6).,

in Which
...’

,.
1) width of sheetpanel between adjacent stiffeners,

inches ,..,

‘P criticalbuckling stress for sheet panels pounds per...
square inch .-

—.— —
..

and .,

0s stiffenerstress or average 8tress on effectivearea,
pounds per square inch ,.——

If the curvb of column strengthof the matqriali~ u_se<to_L__
determinethe-value-of as, the ultimate load of a member
can now be computed. ~he results of such computationsfor
specimensA’, By and c are 26,300, 19,030,arid1’7;80,0
pounds, respectively. These values are from 16 to 37 per-
cent g,reaterthan the test results given iD ta~le 111.

—
,.. ,

. .
A third assumptionfor computingthe ultimate strengths

is that no sheet is effectiveand the average stressat fail-
ure “equalsthe compressiveyieid”strengthof the rnqterzal.
The &tre’ngthsof sp6.cimens‘At, B, and C-computedon thins’
basis are 20,300, 16,100,and 14,150pounds~ respectively.
These values as well as similarvalu8,efor specimensD and ‘F
are within +11 percent of “thetest resultsgiven in table III.
The computed strengthof specirnqnE is-the only Oriediffer~ng
appreciably”from the t6st re”sult(41 percent greater). It
shouldbe noted that the sheet of this specimenwas the thin-
nest of the lot and that the rivet spacingwas about 98
times the thicknessof the sheet.

CONCLUSIONS

The followingconclusionshave been drawn from the
data obtainedfrom tests of stiffened-sheetspecimenscut
from an airplanewing and the discussionpresented in the
present report. The specimensconsistedof 24S-T stiffeners,
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.alclad24s-T sheet,’and alclqd24s-RT sheet. In the epec-
imens with more than one stiffenerthe stiffenerswere not

%
-..

exactlypa-rallel. ...!.

1, The criticalbucklingstrain of stiffenedcurved
sheet in the elasticrange varies linearlywilh the ratio
of the thicknessof sheet to’the radiu”sof curvatureand
can he computedwith reasonableaccuracy%y the equati~n
given by Wenzek.

2. The suddennessand violence of the bucklingin-
creasesas the radius of curvaturedecreases.

3. For ratios of radius”of curvature”to thicknessof
sheet--equaltu or greater than 1000, the’buckltngof
alclad24s-T.sheet is elastic. By alternatelyincreasing
and decreasingthe load in a range includingthe buckling
load, the bucklepattern can be made to snap into and out
of the curved sheet. -.,

4. A rivet spacingequal tun98 times the thickness
of the sheet is a source of weakness. In specimenswith 4
a rivet spacingequal to or Iess_t-Qanabout 36 times the
thicknessof the sheet, the “ultimatestrengthiS not af-
fected by the rivet spacing.

5. 11’orthe specimenswith slendernessratios %etween
—

about 36 And 66 and with a rivet spacingof about 36 times
the thicknessof the sheet,the ultimate Io&ds based on
the stiffenerarea alone and the compressiveyield strength
of the materialare withinAll percent of the test results.

AluminumResearch Laboratories,
Aluminum Company of America,

,, New Kensington,Pa., November19, 1942.

*
—

::,.

i

.—
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TABLE I

CRITICAL3UCKLING STRAIJSFOR STIFl?ENEDFLAT SHEET

[Specimenscut from an airplanewing]~

—

Specimen

A

At

B

c

D

E

F

. .

T....Gauge ~
line
..

(2 172
4 1’70

1: ;;:

1
10 184
12 168

1

4 170
6 177
8 175

10 184\

1 2 170

1
4 170
6 171

(2 1!55

i

4 148
6 169

(1 132
\5 132

{
1 74
3 74

{
1 A3.2
3 33,:

dtiaaurbd ComputedCritic

:ritical Simply
3train‘ eupported

edge~

1.80 X 10-4 ..1.48X 10-4
1.80

● 80
1.60
1.80
2.60

2.00
1.40
2.20
1.80

1.75 ““
1.59
1.90

3.20 “
2,80
1.70 .

.40

..40

----.---
1.40.

--------
7*6

1.52
1.40””
1.40
1.31
1.52

1.52
1.40
lo~(J
1..31

‘.

I

X.38 ‘-
“L.38
1.36--- -
.1.01
1.76
1.37

. .
.445
s445

790
:?90

3.59
3.59

21 Strainx

Fixed
edges

2.42 X 10-
2.-4.8
2-.28
2.28
2.12
2.49

2.48
2,28
2.28
2.12 “

2.31
2,31
2.28

2.72
2.99
2.31

.743

.743

2.12
2.12

10.40
10.40

—.

*Computedby equation(1) on t-hebasis that t-heloaded
edges are fixed.
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TABLE II

CRITICALBUCKLING STRAIitSYOR STII?FENED CURVED SHEET

Specimen

[Specimenscut from an airplanewing)

A

A

A

Al

Radius
of

curvature,R
(in.)

62

46.5

31

31

Gage
line

/

2
4
6

[

8
10
12

[

2
4
6

iJ
[12

I

2
4
6
8
10
12

/
4
6

‘8
[10

2067
206’7
2100
2100
2100
2258

1550
1550
1577
157’7
1577
1691

1033
1033
1050
1050
1050
1129

1033
1050
1050
1050

172
170
177
179
184
168

172
170
172
175
184
168

172
170
17’2
17’6
184
168

170
177
179
184

Measured
critical
strain
(in./in.)

1.20 x 10;4
2.60
3.30
3.30
3.10
3.00

1.70
3.50
4.00
4.30
4.20
3.40

2.30
4.60
5.50
6.00
5.30 “
4.40

4.20
5.00
5.80
4,30

.
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TABLE 111

ULTIMATE STRENGTHS03’$TIl?FENED-l’LAT-SHEETSPECIliS2NS

[Specimens-cut from ~fia.ir.planewing]

Cross-sectfionalSlenderntissUltimateAverageSpecimen area,* A P stress,*ratio,* L/P ~?ad’ P/A
(sq in!) (lb) (lb/sq in.)

At 1.112 36.6”: 22,175 19,940

B .858 “54● 1 16,475 19,200

c ● 717’ 65.6 12,975 18,100

D .333 50.7 4TIOO 12,310 —

E“ .157 40.3 3,000 19,110

1? .152 38.8 3,600 23,680

*Assumingfull width of sheet acting with the stiffeners.
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Figure 5.- Arrangementfor testing a stiffened–flat-sheet
specimen.
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Figure 6.- Arrangementfor testing a stiffened-curvecl-sheet
specimen. —
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